
TITUIITH FOR CRYOGENIC 
PROPl3LLMT TMUGE 

A. Hurlich 

GENERAL DYNAMICS/ASTRONAUTICS 
San Diego, California 

4 December 1961 

n n n r  q l Q  
I ' I I -LW + I u 



TABLE OF CONTENTS 

PAGE NO, 

Introduction 
Mechanical Property Tests 
Titanium For Cryogenic Applications 
Availability of  Titanium Alloy Sheet 
Fabrication of T i t a n i u m  Alloy Sheet 
Plans For Future Work 
Reactivity of Titanium Uith Cryogenic Propellants 
References 

Table I 

Table I1 

Table I11 

Table IV 

Mechanical Properties of 5-Al-2.5Sn-Ti Alloy Sheet 
(Commercial Quality) 
Mechbical Properties of 5-Alg2.5S~Ti Alloy Sheet 
( h w  Impurity Level, t o  CD/A Spec. 0-71010) 
Strength - Weight Characteristics of High Strength 
Sheet Alloys 
Fatigue Resistance of Weld Jo in ts  

1 
2 
3 
6 
7 
8 
8A 
9 

10 

11 

12 
13 

Figure 
Figure 
Figure 
Figure 

1 
2 
3 
4 

Figure 5 
Figure 6 
Figure 7 
Figure 8 

Yield Stren&h/Density Properties of Alloys from +780F t o  - 4 2 3 O F  
Tensile Strength/Density Properties of Alloys from +78*F t o  -423OF 
Tensile Strength/Density Properties of Alloys from +78OF t o  -4234F 
Coil of O.0uN thick, 18 3/4" wide sheet of SA12.5Sn-Ti Alloy 
Closeup V i e w  of Coil 
Stretch-Forming Atlas Bulkhead Core from Titanium Sheet 
Stretch=Formed Titanium Cores and Fatigue Test Spechens 
Welded Segments of Stretch-Formed Gores 



TITA14IUM FOR CRYOGENIC 
PROPELLANT TANKAGE 

Introduction 

As par t  of a continuing program of evaluating high strength materials f o r  
possible application i n  aerospace vehicles, General Dynamics/Astronautica 
has investigated the mechanical properties of more than f i f t y  metals and 
alloys. Becsuse of the use of cryogenic propellants such as l iquid oxygen 
(-2979) in the Atlas ICBM and l iquid hydrogen (-423%’) in the Centaur 
high energy upper-stage vehicle, considerable emphasis has been placed upon 
determining the behavior of engineering materials a t  extreme sub-zero 
temperatures. 

Titanium and titanium alloys have f o r  some t i n e  been recognized as promising 
aerospace vehicle materials because of t h e i r  low density (0.16 lbs. per CU. in. 
as compared t o  0.28 f o r  s t ee l ) ,  high strength, excellent corrosion resistance, 
ava i l ab i l i t y  in many forme and shapes, and t h e i r  a b i l i t y  t o  be formed and 
welded by practicable production methods. 
compared t o  other engineering metals such as steels, aluminum, and magnesium 
alloys;  i t s  commercial exploitation was long delayed by a combination of high 
melting point (31359), d i f f i cu l ty  of  extraction from its ores, and because of 
its high chemical react ivi ty  with many substances a t  elevated temperatures. 
Nevertheless, developments in technology led  to  the founding of a titanium 
metals industry i n  1948, which has progressed since then t o  the point where 
a t  l e a s t  four major commercial producers have the capacity t o  supply from 
20,000 t o  25,OOO tons o f  titanium and titanium alloy m i l l  products annually. 

Titanium is a re la t ive  newcomer 

0 
Titanium, l i k e  iron, undergoes an a l h t r o p i c  modification, existing a s  an 
hexagonal close packed crys ta l  (alpha titanium) a t  temperatures below 1625%’ 
ana as a body centered cubic crystal  (beta titanium) a t  higher temperatures. 
The addition of alloying elements changes the temperature a t  which t h i s  trans- 
foraeation i n  crystal  s t ructure  occurs and also r e su l t s  i n  the formation of 
so l id  solutions and inter-metallic compounds. These effects  provide the means 
f o r  developing wide range8 in mechanical properties through alloying and heat 
t reat ing.  
many useful alloys which may be divided in to  three classea; a l l  alpha alloys, 
alpha-beta alloys,  and a l l  beta alloys. 

T i t a n i u m  alloys readily with a large number of metals, producing 

The a l l  alpha alloys a re  characterized by being generally low in strength but 
very duc t i le  and tough, very weldable, and not amenable t o  hardening by heat 
treatment. Aluminum is the most important alpha s tabi l iz ing al loy addition. 
The alpha-beta alloys contain both phases and can be strengthened 
ment procedures which changes the amounts of each phase present and which pre- 
c i p i t a t e  intermetall ic compounds. 
iron, and columbium are the  more important beta s tabi l iz ing alloying elements. 
The a l l  beta a l loys contain suff ic ient  alloy content t o  r e su l t  i n  a completely 
beta s t ructure  a f t e r  heat treatment. 
s t rength character is t ics  and are  more o r  l e s s  weldable, with weldability 

heat treat- 

Manganese, chromium, vanadium, molybdenum, 

Alpha-beta alloys possess intermediate 
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generally poorer i n  the  more highly alloyed conditions, The a l l  beta a l loys  
have t h e  highest strengths with generally low d u c t i l i t y  and poor weldability 
i n  the  high strength condition, but possess excellent duc t i l i t y ,  formability, 
and weldability i n  the annealed, low strength condition. 

Mechanical Property Testp 

Approximately one dozen titanium alloys have been investigated a t  General 
Dynamics/Astronautics with respect t o  t h e i r  mechanical properties a t  extreme 
sub-zero temperatures (1 ) , (2) . 
t ens i l e  properties (yield and tensi le  strengths and percent elongation) in 
both longitudinal and transverse directions,  notched t ens i l e  strengths, s t rength 
and d u c t i l i t y  characteristics of fuaioh welds, cross-tension and shear strengths 
of individual spot welds; and, for the  more promising alloys,  fatigue properties 
of welded jo in t  specimens. These t e s t s  have been performed over the  tern ra ture  
range of W 8 9  t o  -4239, with tests performed a t  room temperature, - 1 O O G  (dry  
ice and alcohol), -320%’ ( l iquid nitrogen), and -4239 ( l iquid hydrogen). 

Tests have included determination of t h e i r  

It has been demonstrated both a t  Astronautics and b many other investigators 
that notched t ens i l e  tests provide a good c r i t e r ion  of the tendency of t h in  
sheet materials t o  behave i n  a brittle manner. 
sides or a transverse s l o t  is  milled i n  the center of tension test  specimens, a 
b i ax ia l  stress f i e l d  is induced when the  specimens are loaded. 
material, the e f f ec t  of the  biaxial  stress f i e ld  is t o  effect ively increase t h e  
s t rength of the material since the transverse stresses constrain the  metal from 
deforming and necking, - hence postponing fracture. Thus, i n  duc t i le  materials, 
the  notched t e n s i l e  strength exceeds the smooth (uniaxially loaded) tens i lo  
strength,  and the  r a t i o  of notched t o  un-notched t ens i l e  strength exceed8 unity. 
Although the notches a c t  as stress concentratbrs, a duc t i le  material undergoes 
some p la s t i c  deformation a t  the roots of the  notchee, redis t r ibut ing the s t resses ,  
and delaying the  i n i t i a t i o n  of cracks. 

When notches are machined in t he  

In  a duc t i l e  e 

In  a b r i t t l e  material, on the  other hand, the stress concentrating e f f ec t  of 
notches combined with t h e  res t r ic ted  ab i l i ty  of the  material t o  undergo p l a s t i c  
deformation leads t o  early crack formation and premature f a i lu re  of t he  notched 
t e n s i l e  specimen resu l t ing  i n  a lowering of the  t ens i l e  strength, The notched/ 
un-notched t ens i l e  strength r a t i o  of b r i t t l a  materials vi11 therefore be less than 
unity. 
high s t rength sheet alloys. 

This r a t i o  consequently semes a s  a useful Index of the toughness of 

A t  any constant tes t  temperature, the  notched t ens i l e  strength, especially of 
b r i t t l e  materials, is  markedly influenced Q specimen geometry, par t icular ly  
by t h e  sharpness of t he  notches. 
i ts stress concentration effect ,  the lower w i l l  be the  notched t e n s i l e  s t rength 
and the  notched/un-notched t ens i l e  ratio.  
undergo a t rans i t ion  from duct i le  t o  b r i t t l e  behavior with decreasing tes t  
temperature, the  temperature range a t  which t h i s  t rans i t ion  occurs is raised 
by increases in notch severity. 

The sharper the  notch, and hence the  greater  

In addition, i n  those al loys which 
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A large variety of notched tensile specimens have been developed 
laboratories to evaluate the toughness characteristics of metals; ranging 
from a mildly notched specimen having a stress concentration factor of 3, 
employed Q the Eattelle Memorial Institute, to a severely notched specimen 
having a stress concentration factor of 18, developed by Dr. W. F. Brown, Jr. 
of the NASA Lewis Laboratories, and recently standardized by ASTM. 
yield different results when applied to the sans material, and therefore all 
published data on the notched strength characteristics of metals must be 
carefully evaluated and direct comparisons may be made only when similar 
test conditions are employed. 

various 

These tests 

As a result of tests performed over a wide range of notch severities, 
Genera' Dynamics/Astronautics has standardized upon a notched tensile specimen 
having a stress concentration factor of 6.3 since this specimen yielded an 
excellent correlation with the fatigue and fracture behavior of both large 
axially loaded welded joint test specimens and actual 10 feet diameter missile 
tanks which were subjected to fatigue tests at bath ambient and cryogenic 
temperature8 (3). It was also found that this test specimen appeared to yield 
the best discrimination between materials which behaved in a tough or brittle 
manner in actual and simulated structures exposed to service conditions. 
a test is useful only to the extent to which it predicts the behavior of 
materials in real structures, the notched tensile specimen with a stress con- 
centration factor of 6.3 has been extensively employed at Astronautics for 
evaluating the toughness of high strength sheet alloys. 

Titanium For Cryogenic Applications 

Since 

* 
Of the titanium alloys tested, the all alpha or predominately alpha alloys 
exhibited the best ductility and toughness characteristics at extreme sub-zero 
temperatures. The alpha-beta heat treatable alloys displayed intermediate 
toughness characteristics at cryogenic temperatures. 
6Al-4V-titanium alloy, which is employed in the Atlas helium gas storage 
bottles, is very tough at temperatures down to -320'F but shows evidence of 
brittle behavior at -423%. 
13V-llCr-3Al-Ti alloy, are  extremely brittle at sub-zero temperatures below 
approximately -60°F. 

For example, the 

The all beta titanium alloys, characterized by the 

The all alpha 581-2.5 Sn-titanium alloy exhibited the best combination of 
strength, ductility, and toughness at all test temperatures down to -423°F. 
This alloy is one of the earliest commercially developed titanium alloys and 
has been available for almost a decade in the form of sheet, bar, plate and 
wire. The typical mechanical properties of a commercially produced sheet of 
the 5A1-2.5 Sn-Ti alloy are shown in Table I. 
ratio is above unity at all temperatures down to -320- and approaches unity at 
-4.239; the tensile ductility remains high at all test temperatures, and the 
weld joint efficiency is lO@ down to -loo-, dropping only slightly to 94% at 
-4239.  
that both the yield and tensile strengths increase approximately 100% from room 
temperature to -4239. 
and steels from 40$ to '70$ over thia temperature range. 

The notched/un-notched tensile 

A distinguishing characteristic of this and other titanium alloys is 

Aluminum alloys may increase in strength from 308 to 6@ 

8 



Tests performed on several heats of the  3Al-2.5 Sn-Ti alloy made t o  standard 
specifications (MIL-T-9047 B-2, ASTM B265-58T grade 6,- 4926, etc.) showed 
a w i d e  range in notched tensilo strengths and notcheb/unaotched r a t io s  a t  
-423% with some heats having ratios as lar a s  0.7. These low toughness 
values were found associated with re la t ive ly  high contents of oxygen and iron, 
both of which a re  normally present a s  impurities in titanium alloys. 
Standard specifications permlt oxygen content8 as high as 0.20% t o  0.30% 02 
and iron up t o  0.50% Fe. While these levels of oxygen and i ron impurities 
do not embrittle the 5A1-2.5 Sn-Ti a l loy a t  room and moderately elevated 
temperatures, t he i r  embrittling effect  becomes noticeable a t  subee ro  test 
temperatures and becomes pronounced a t  -4239. 
are a lso  present as  impurities in titanium al loys but the levels  of these 
elements a re  generally so l o w  even in commercially produced al loys that t h q  
do not embrittle them a t  cryogenic temperatures. 

Carbon, bydrogen, and nitrogen 

A s  the  r e su l t  of a cooperative research program assisted by a number of the 
titanium producers, t h e  tolerable limits of oxygen and iron which would not 
embrittle titanium a t  extreme sub-zero temperatures were determined (41,  ( 5 ) .  
Based upon t e s t s  conducted upon heats of the 5A1-2.5 Sn-Ti a l loy containing varying 
amounts of oxygen and iron, limits of 0.12% maximum oxygen content and 0.25$ 
maxhum iron were established. 
0-71010, was developed t o  cover the 5A1-2.5 Sn-Ti sheet alloy intended for 
cryogenic applications. 

A special  specification, GD/A Specification 

The mechanical properties of a heat of O.Ol4n thick titanium al loy sheet 
procured t o  the above specification as shown in Table 11. Note that the 
notched/un-notched tens i le  ra t ios  a t  -423- (1.03 longitudinal and 1 .OO 
transverse) of t h i s  material are s ignif icant ly  higher than those of the bame 
a l loy  procured t o  commeruial specifications. The data shown in Table I 
actually represent the best  o f  t h e  5 or  6 commercial heats procured pr ior  t o  
the development of the new specification. 

The heat described in Table 11 was a l so  subjected t o  notched tens i lo  tests 
employing the very sharp notched NASA-ASTM specimen, and yielded notched/ 
un-notched t ens i l e  ra t ios  a t  4 2 3 9  of 0.65 i n  longitudinal and 0.68 in 
transverse tests. These values are almost ident ical  with the sharp-notch 
r a t i o s  of 6@ cold rol led Type 301 s ta in less  ~ t e e l  and 20140T6 aluminum 
a l loy  sheet (6). The l a t t e r  two a l loys a re  currently being used i n  l iquid 
hydrogen tankage applications (the s t e e l  i n  Centaur and the aluminum a l l g  
in the Saturn S-I1 and S-IV stages) and a re  considered t o  be adequately 
tough f o r  extreme sub-zero temperature service. 

A comparison of the strength-weight character is t icr  of t h e  5 A1-2.5 Sn- 
titanium alloy, 60% cold rolled stainless steed, and 2014-T6 aluminum al loy  
in both the base metal and weld joint conditions is shown in Table 111. 
Note that the strength-weight ra t io  of the titanium alloy, both base metal 
and weld jo in ts ,  exceeds tha t  of the  o t b r  al loys a t  a l l  temperatures, and 
becomes part icular ly  superior a t  temperatures of -320- and laver. 
superiority of titanium in both yield strength/density, and t ene i le  strength/ 
density properties is shown i n  Figures 1 through 3. 

The same 



m i l o  the detailod data  are  not presented in t h i s  report, extensive shear 
and cross-tenrion t e s t s  have beon perfomed on Individual resistance spot 
weldr In titanium as well as many other alloyr. A comparison between the 
5Al-2.5 Sn-Ti allg and the 602 cold rollod Typo 301 8fsinless  s too l  sheet 
W e  t o  GD/A Specification 01'71004 is shown belwj both materials being 
tested In thicknesses in the range of 0.020" to 0.025": 

e 

Average Average 

l_bs. a reng th .  a 
Spot Ueld Spot Weld Tension/Shear 

Shear Strength Cross-Tension Ratio 

301 r toe l  at  +'780p 634 
5Al-2.5 Sn-Ti a t  +789 1381 
301 s t e e l  a t  -320% 856 
5 Al-2.5 Sn-Ti a t  -3209 1 670 

486 
360 
164 
268 

0.77 
0.26 
0.19 
0.16 

While the crosr-tension strengths of spot welds I n  the  titanium al loy and 
s ta in loss  s too l  are roasonably comparable, the shear strengths of spot welds 
in titanium are approximately twice that of those i n  the rtoel.  

During the development of the Atlas missile it was determined that cycl ic  
f a t w e  tests conductod on axially loaded 4" wide by 3@ long veldod jo in t  
spocinSn8 v o q  closely duplicated the fatigue behavior of fu l l  scale Atlas 
propellant tanks incorporating similar weld j o i n t  designa. 
sp l i ce  in the Atlas missile tanka is made by hel iarc  butt-ueldlng the cold 
rollod Type 301 skinlesr steel aheet, roll-planishing the weld t o  smoothen 
it dawn t o  the f la t  surface of t h e  sheet, and then reinforcing tho weld jo in t  
b;r spot welding a doubler sheet, approximately 40 wide, over the weld jo in t ,  
attaching it t!y several rows of staggered spot velds placed on both s ides  of 
tho kxtkre ld .  Tho doubler sheet is required by the f a c t  that the s ta in less  
steel  alloy ir strengthened by cold working and the butt-weld is of reduced 
otrength duo t o  the annealing e f fec t  of the welding heat. 
doubler develops a weld jo in t  having approximately 1 t ens i l e  e f f  iciency. 

The ver t ica l  

The addition of the 

Inasmuch as t he  3 Al-2.5 Sn-Ti alloy is already in the annealed condition 
and is not amenable t o  hardening by thermal treatment, a simple fusion but t  
wold jo in t  is essent ia l ly  as strong as the  base metal and no weld reinforcement 
is ne0osau-y t o  achier. f u l l  tensi lo  efficiency. 

A comparison of the fat igue resirrtance of weld jo in ts  in titanium and in the 
601 cold rollod Tygm 301 stainlesr  s t e e l  is  shown in Table IV. The titanium 
weld jo in t  specimen8 were t e s t 4  a t  stress levels  up t o  9 s  of the base metal 
yield strengths a t  each t e a t  tern rature and displayed high fatigue resistance 
a t  all temperatures down to -423 5 . The steel samples were tested a t  a stress 
level of 11;4,OOO ps i  vhich represents the maximam f l i g h t  s t resses  i n  the Atlas 
rissilo. The data  of Table IV demonstrate that, a t  -3209, the titanium al loy 
when stre~ssed cycl ical ly  from 0 to  150,000 psi is Just as fatigue r e s i s t an t  as 
the s tool  s t r e s a d  from 0 t o  1&OOO psi,  within the limits of the t e s t a  con- 
ducted. 
from 0 t o  185,000 ps i  is significantly superior t o  the s ta in less  s t e e l  stressed 
from 0 t o  144,OOO psi. Thus, the titanium alloy is comparable in fa t igue 
resistaneo t o  the Atlas and Contaur material when tested a t  -3209, but is 

In addition, the -4239 tests show that the titanium al loy when stressed 
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considerably superior a t  l iquid hydrogen temperature. 
viewpoht, the titanium alloy should be expected t o  be more reliable than the 
steel in welded structures exposed to  extreme sub-sero temperatures. 

From a fatigue resistance a 
It should be borne in mind that the s ta inless  s t eo l  has a base metal tensi lo  
strength i n  the range of 300,000 to  320,000 ps i  a t  temperatures of -3209 t o  
-4239 while the titanium has a tensile strength of approximately 200,000 ps i  
a t  -3209 and 250,000 ps i  a t  -4239. 
t o  the same s t r e s s  levels  in both materials, the titanium al loy is considerably 
mote severely loaded; i. e. stressed a t  a higher preportion of its yield and 
t ena i le  strengths. 
resistance and greater s t ruc tura l  integri ty  than the stainless s teel .  

Consequently when weld jo in ts  are  loaded 

leverthelesa, the titanium al loy displays a higher fatigue 

Availability of Titanium Alloy Sheet 

Up t o  recently, the 5 Al-2.5 Sn-Ti alloy was available i n  wide aheet form only 
as hand rolled sheet approximately 36" wide by 96" t o  a maximum of 180" in 
length, with some sheet being produced up t o  48" in width. The minimum thick- 
ness to  which wide sheet was rolled was O.O25", while thinner sheet down to 
f o i l  gauges was available i n  coiled s t r i p  form i n  widths up to  approxlmtely 
12". The commercial thickness tolerance was * 0.002" fo r  aheet 0.008" t o  
0.016" i n  thickness, * 0.003" for sheet 0.017R t o  0.026" i n  thickness, and 
*0.004" f o r  sheet 0.027" t o  0.Q40n i n  thickness. 

For application t o  missile tankage, Astronautics desires sheet up t o  36r in 
width in co i l  form, t o  thickness tolerances of one-half the o o m e r c i d  
tolerances, and t o  f la tness  and camber tolerance8 considerably t igh ter  than 
normal commercial requirements. 
Specification 0-71010, 'ITitanium Alloy Sheet, 5A1-2.5 Sn, AnnealedOa 
major producers of titanium were contacted regarding the possibility of pro- 
viding the 5Al-2.5 Sn-Ti alloy i n  c o i l  form i n  widths up t o  36" and thickness08 
down t o  0.010" and t o  the  thickness, f la tness ,  and camber tolerances, chemlcal 
analysis, and mecha nical properties apeeif ied i n  GD/A Spec. 0-71 01 0. 

These new requirements are reflected i n  GD/A 
Tho four 

e 

While none of the producers could guarantee meeting the GD/A requirements, it 
was t he i r  general opinion that  i t  was technically feasible  t o  produce the a l loy  
in the form required and that some development work would be necessary before 
they could safely guarantee meeting the requiremento. 
a trial order w i t h  one producer t o  provide several hundred pounds of 0.015" 
thick co i l  sheet 24" i n  width. The Republlu Stee l  Corp. accepted t h i s  order 
and delivered a 77 foot length of 18-3/4" wide sheet, 0.014n in thicknese~ In  
May 1961 (V). The reduced width resulted from edge cracks which required 
trlmmlng the sheet t o  a narrowwidth than was desired. The supplier a t t r ibuted 
the problem of edge cracking t o  improper processing of the sheet in e a r l i e r  
reduction passes and was convinced that it wae not inherent in the material. 
The mechanical properties of t h i s  material a t  room and cryogenic temperatures 
were excellent, reference Table 11, and jue t i fy  the requirements f o r  low olgrgen 
and iron contents. 

It was decided t o  place 
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The appearance of the '77 foot c o i l  supplied the Republic S tee l  Corp. is 
ahown in Figures 4 and 5 .  The sheet was rol led in a Sendoiaair m i l l  and 
achieved a very saooth surface f in i sh  and uniform thickness. Mearmrernenta 
made acr018 the  width and along the  f u l l  lexigth showed an average thickneas 
of 0.014" with a minimum of 0.0136" and a maximum of 0.0145:' Other suppliers 
ham i n i t i a t ed  in-house development programs aimed a t  producing wide, t h in  
gauge c o i l  sheet from the 5 Al-2.5 Sn-Ti a l loy melted t o  have low impurity 
leve ls  and capable of meeting a l l  requirements of CD/A Spec 0-71010. These 
indus t r ia l  sponsored programs have developed t o  the point where, by the end 
of 1961, the  titanium producers have expressed a willingness t o  guarantee the 
production of 36" w i d e  sheet down t o  0.010" gauge with a 12-16 week delivery 
schedule. 

A second order fo r  600 lbs. of 24" wide 0.015" thick c o i l  stock of the 5 8102.5 Sn- 
T I  a l loy has been placed with the Republic S tee l  Corp. and d e l i v e q  of the 
material is expected by Doc. 20, 1961. The material may actually be delivered 
h a width greater than 24" since the sheet stock has been successfully rol led 
dawn in hot bands 28" in width wi th  l i t t l e  or  no edge cracking requiring 
trimming. This material is intended fo r  the fabrication of a 1c) foot diameter 
test  tank under a General Dynamics/Astronautics sponsored research and 
development program. 

Fabrioati  on o f  T i t a n i  um Ulw Sheet 

The production of df3$ih tankage and hardware from the 5 Al-2.5 Sn-Ti allay 
w i l l  require the conduct of bending, stretch-forming, deep drawing, and 
wold* operationa, the l a t t e r  including fusion butt-welding, reaistanco 
spot welding and overlapping spot seam welding. 

0 

The Atlas and Centaur bulkheads are fabricated by butt=welding together a 
number of s t r e t ch  formed pie-shaped gore sections. 
dividually s t r e t ch  formed from a 1/2 o r  3/4 hard cold ro l led  'rrpe 301 stainless 
steel sheet 36" wide and approximately 10 f ee t  i n  length. The stretch-formlng 
is  perfomad on a C y r i l  Bath machine, with the sheet pulled from one end while 
in contrnot with the lubricated die aurface, the forming being done a t  room 
temperature. Up t o  the present t i m e ,  four gore sections f o r  the Atlas inter-  
mediate bulkhead havo been successfully stretch-formed in the ex i r t ing  Atlaa 
tooling from 0.025" t o  0.040" thick 36" wide by 144" long sheet of commercial 
qual i ty  5 Al-2.5 Sn-Ti alloy. This  stretch-forming was accomplI8hed a t  room 
temperature with no change in normal production practice employed f o r  stretch- 
forming of steel d e t a i l  parta. 

Each gore section 18 in- 

Figure 6 shows the stretch-forming of a sulrplo cut from the 0.014w thick, 
18 3/4" wide c o i l  stock of 5 81-2.5 Sn-Ti a l loy made 
Corp. This material stretch-formed very successf'ully. M1 gore sections 
were rough trimmed after stretch-fonnbg and placed back on the double 
curvature d i e  face t o  determine if spring back or other d i s tor t ion  had occnwrod. 
It vas found that the stretch-fonned t i t a n i u r  a l loy gores evidenced less spring- 
back, i f  any, than regular production s ta inleas  s t e e l  gores. 
two of the rough trimmed titanium alloy gore rections. While the double 
curvature of these part8 is not evident in the photograph, the a n ~ u r 2  or' 
curvature is considerable, particularly i n  the longitudhml direction. 

the Republic Steel  

Figure 7 shows a - 



?igure 7 also shows some of the 4" wide 
mde from the 5 Al-2.5 Sn-Ti alloy. The one on the l e f t  ha8 a slmple heli-arc 
f'usion bu t t  weld and the one on the r i g h t  is a l a p  weld jo in t ,  with an over- 
lapping spot seam weld reinforced with one row of spot welds spaced e v m  
l/P apart  on each s ide of t he  seam weld, 

36" long fatigue test epecinranb 

Insofar as welding of titanium alloy sheet is concerned, only s l i g h t  
modification of exis t ing Atlas and Centaur tooling is required f o r  fusion 
volding, The prime requirement is fo r  groator Iner t  atmosphere ahielding of 
both the face and back ourfacoo of the sheet in the area being welded as well a8 
t r a i l i n g  shields t o  prevent contanination of the weld sone during cooling from 
the welding heat, Figure 8 shows experimental fusion butt-welds which were 
mado in a stretch-formed gore section which had been cut  Into s t r i p s  and welded 
together. The weld jo in t s  were radiographed after welding and were found t o  be 
bound and free of cracks and poroaiti)., The gore sections shown in Figure 8 
were approximtely 3 f e e t  wide by 4 feet in length, 

Spot welding of titanium of fem no d i f f i cu l t l ea  and can be and I s  being 
sa t i s f ac to r i ly  performed on existing tooling with no modification in procedure 
other than mlnor changes in weld schedules. 

Plans ?or Future Work 

As prerloualy outlined, additional material i 8  be- procured f o r  the 
erperinrsntal fabr icat ion of a 10 foot diameter tank with one titanium alloy 
bulkhead. A second bulkhead of heavy gage s ta in less  steel will be bolted t o  
the tank and the tank w i l l  be fatigue aad burst  pressure tested a t  room tom= 
peraturo. This program is underway under a General Dynamlcs/Astronautics 
sponsored investigation. 

0 

Tostr are also underway t o  obtain more data  on the static tene l le  and fatlguo 
resletance charactor is t ics  of a variew of weld j o i n t  designs t o  determine 
optimum weld jo in t  designs and establieh design allowable s t ressee f o r  
titanium and titanium weldments, 

It is  hoped t o  extend t h i s  work to  include the fabr imt ion  of tanks fitted 
with attachment8 such a8 bosses, flangea, weldod-on brackets, etc,,and tes t  
titanium al loy tanks under both s t a t i c  and cyclic fa t igue loading a t  cryogenic 
temperatures. Such tests are  required t o  prove that titanium can be 
euccesafull~ employed as a st ructural  nraterial in light-weight cryogenic 
propellant mlbslles and spacecraft. 
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Reaetiivitr of Titanium Uith Crvocnnic Pro- 

Beoawo of the imrcursod ohmioal reaotlvlty of titanium a8 oomparod t o  other 
s t ruc tura l  moklr euch as r t eo l s  and aluminum alloys, the question of compatibil- 
i t y  of titanium with l iquid propellants arlaoa. Uhlle 80- caeer of combustion 
reactloxu between titanium and 0 4 g o n  havo beon reported, there ax ls ts  much 

cation8 In  high sped aircraft and ~ I a s l l e a  whore titanium p r e s e m  vessels an 
umd In conjunction with both gasooua and l iquid O q g m .  In the T i t a n  ICBM, for  
examplo, the  helium gas requ5nd fo r  pneumtio rryatuw Is rtored In  2 foot  
diawter rrpherical pmsrura vese~als made from the  6Al-4V-titanian 4Uoy; the 
ves8ols boing located in tho l iqu id  oqgen tank t o  o h l l l  them and lncroase their 
gas storago cbpaoity. 

c o d l i o t i w  biforI&ion; and it 18 known t ha t  there  dlpe 8-0- 8 U C C O 8 8 f l d  appl%- 

A number of accident incidonts havo been npor tod  where titrnium piplng used i n  
oqgon l h 0 8  ipitod and burnt, but r i ~ n l h r  inoidontr -0 a l r o  ocourrod w h e r e  
stainlers 8 k d  llnes usod in a high proorwe garroour oqgon line burnt whon 8x1 
explosion oocurred in the ryrton, It is a wll known fact that pmutidly all 
motalr W i l l  burn in an oxygon atmosphere onco ruff ic iont  heat is gonorated t o  
o t a r t  tho combwtion, 

In an offort t o  accumulate information on the  reaot lv l ty  hatard, runoys wero msdo 
by Genom1 DgnsJaios/Astronauticr of tho available l i t m a t u n  on tho oorpa t ib l l i ty  
of titanium with liquid end gamour oxygen (a) and l iqu id  and gaaoous f luorine (b). 

As a rosu l t  of the runoya it was coneludod tha t ,  wlor certain oonditiona of 
comprorrive ma&, titanium and its alloys can be nmda to n a c t  violent ly  with 
l i qu id  o r  gasoour oxygen and fluorino. 
aolpb ln8tanoer m y  proceod u n t i l  e l thor  the titanium or the o q p n  is entlrelj .  
oonsumed. 
upon the following (a): 

0 
The reaotion i r  highly uothormlo and i n  

The m c h a n l m n  of the  rmatlon of titanium with 0-n appear8 to &pond 

a. In i t i a t ion  of the reaotion require8 an Input of high, lo& 
energy euch that the temperature of tho roaatants am rea& 
80me high threshold value a t  the 10-1 mea; 

b, the reaotion procoeds only when tho owgm Is in the  gaaeourr 
condition; but, of cowbe, this may bo readily generated, a8 
by the highly localired heat of  conpressive impact; 

C. the  gaseous oxygon, present o r  generatad on t he  surface by tho 
heat of impad, mud be oompreseed and brought Into l n t h a t o  
contact with the  titullm surfaoe; 

(a) GD/A Report MRG-232, Vompatlbility of Titanium and Titanium Alloy8 with 
Liquid and Gascloue wgen In ).3isrile Propellant Sy8tem0,~ 7 June 1961, 

GD/A Report MRG-259, nCompatibillty of T i h n i u m  and Titanium U o y s  w i i h  
Liquid and Gaseous F luor lno ,~  11 SeptsmQer 1961, 

(b) 
3 



I O  
d. the fomo which gonerates the  heat, L e .  ~mproesivo Impact, 

must alm expose fresh, unoxidiocod surfwe on t he  titihim 
which can thon react with the  comprersed gaseous oxygen. 

Thus aooordln# t o  this explanation, ooveral conditions must be met a t  approlt 
- t o 4  the 8amb Instant t o  I n i t l a t e  and propagate the t i tanium-liquid oxygen 
mhOtiOn. These eonditioncr are met in the  AB-NASA-type compre6sive impact 
test, but are not met in the 6oveml othor aomouhat more practioal teste 
aonduotod. It m q  bo mtod, too, that  presenoo of g a t ,  f o n i g a  material, rough 
au~faooa, o b ,  would increaso Iimpaot ~ e n s i t i v l t y ~  by creating the condition for 
high 10-1 friotion t o  initiate the reaotion, as explained abovo. 

To obtain mora dofinit ivo data on t he  extoat and posrible seriowness of the 
t l t a n l r u b o q p n  rorc t iv i ty  hasard, the T i t a n i u m  Steering Committee which was 
established by NASA approved a reries of tes t  programs on the reactivity problem 
whioh are to be oowpleted by 1 January 1962 ( Q ) *  Those tes t  programs encom~ass 
a wide sori06 of teat i ,  of whioh the following ere the most s i W f i c a n t t  

1. Puncture of titanium diaphragms with preseurised @seou 
and l iquid olprgm I n  t e a t  ohamberr. 

Detonation of pyroteohnio dsricos near titanium in contact 
with gareous and liquid oxygen. 

Impact of high rolooity rimulatod mlarometeoroid pa r t i c l e s  
againat presrurisod tit.nluar diaphragms i n  contact with 
gaseous and l iqu id  oqgen. 

Spark sonslt lvity,  t h e m e l  in i t ia t ion ,  and o r i f ioe  flow 
teats  hvohing t i k n i u a  and l iqu id  and gaseous oqgen. 

2. 

3. 

4. 

5. Fatigue and craok propagation tests on titanium immersed i n  
l iqu id  oxygen. 

6. Evaluation of protoetive coatings and treafments applied t o  
titanium t o  redme reaot iv i ty  with olgrgen, 

The outoome of the  above t e s t e  will determine the appl icabi l i ty  of titanium t o  
thin-skinned tankago for l iquid oxygen. 

There i s  no reactivity hatard insofar as l iqu id  hydrogen is concerned and titanium 
i a  completely sui table  for application In thin-skinned tankage and propellant l i n e s  
for l i qu id  hydrogen. 
l i q u i d  olprgan tankage, it is then feasible  t o  design and fabricate the l iquid 

If t e s t e  demonstrate t h a t  titanium is unsuitable f o r  use in 



hydrogen tanks from titanium and the l iquid oxygen tanks from cold rolled la 
stainless steel and &Ill achine a si~Ifiea3&-weight reduction over a 
completely steel missile in  a Centaur-type vehicle. Tho very low density of  
liquid hydrogen as compared to  liquid oggen necessitates a liquid W g e n  
tank many times greater in volume than the liquid olgrgen tank BO that the 
weight of the llquid -gem tank accounts for a major portion of the total 
tankage weight. 
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m TABLE IV 

Fat ime Resistance of Weld Jo in te  

4. 5 Al 2.5 Sn T i  im Alloy L - Shee (1 1 
YO.027" Thick Sh:et, T E A  Heat No. SW4.8) 

Test Cyclic Stress  No. of  Cycles Result8 
m P 2  - t o  Fal lur  e 

+78 0-loo,o0O ps i  2000 

-3 20 0-150,OOo P s i  2000 

-423 0-150,OOO ps i  2000 

-423 0-150,OOo p8i 1051 

o f a i lu re  o r  cracks(2tests,  I" Te8t stopped 
No failure or crack8 (2 
Test stopped 
No failure or cracks(1 t e s t  
Test stopped 
Failed i n  g r ip  (1 t e s t )  

! 
c 

-423 0-150,OOo pel  1528 Failed in g r i p  (1 t e s t )  

-423 0-185,OOO p s i  1143 Failed i n  weld (1 test) 

-423 0-185,000 psi  1426 Failed i n  g r i p  (1 t e s t )  

+78 0-100,OOo p8i 2000 No f a i lu re  or cracks(1 t e a t )  
(0.020" Thick Sheet, Reactive Metals Heat lo. 31387) 

0 -3 20 01162,OOO ps i  2047 cracks(1 test) 

-320 01162,000 p85 1451 Failed in gr ip  (1 t e s t )  

-3 20 0=162,000 p s i  1332 Failed i n  gr ip  (1 t e s t )  

-423 01205,000 PSi 539 Failed in g r i p  (I tes t )  

-423 0-205,000 ps i  113 Failed in gr ip  (1 t e s t )  

B. p.W 301 Cold Rolled Stables8 Stee l  Shetet (2) 
(0.020N Thick Sheet, Washington Stee l  Co. Heat No. 48081) 

+78 &1u,OOo P s i  934 Average of 5 tests 
-3 20 &1&,000 p8i 26n  Average of 5 tests 
-423 0-144,OOo psi  633 Average of 5 t e s t s  

(1) 4" wide x 36" long specimens with transverse heli-arc but t  weld joint ,  
as welded with no roll-planishing or weld reinforcement and no doubler 
attached. 

4" wide x 36A long specimens with transverse heli-arc butt  weld joint ,  
weld roll-planished, reinforced v i t h  doubler havlng 4 rows of spot weld8 
on each sido of b u t t r e l d .  Sheet procured t o  GD/A Spec. 0-7100 

S p e e h n s  d a l l y  loaded 6 cycles per minute. 

(2) 

L----*.L 999 207,000 ps i  yieid sxxeubw, 
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Figure 1 
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Figure 2 
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a 

0 
k a 

6 
4 
d 
ld 
rl w 

h 
h 

x 
P 

0) 
k 
1 
M 
rl 
PI 





I 

9 

0) 
k 
1 
M 
rl 
R 



h 
U 
4 

.r( 

O Q )  
3 

h 3  
g 0  

W U  



0 

a 


